The balance between cell survival and death is essential for normal development and homeostasis of organisms. Apoptosis is a distinct type of cell death with ultrastructural features that are consistent with an active, inherently controlled process. Abnormalities and dysregulation of apoptosis contribute to the pathophysiology of multiple disease processes. Apoptosis is strictly regulated by several positive and negative feedback mechanisms that regulate cell death and determine the final outcome after cell exposure to apoptotic stimuli. Mitochondria and caspases are central components of the regulatory mechanisms of apoptosis. Recently, noncaspase pathways of apoptosis have been explored through the studies of apoptosis-inducing factor and endonuclease G. Multiple difficulties in the apoptosis research relate to apoptosis detection and imaging. This article reviews current understanding of the regulatory mechanisms of apoptosis.
Introduction
Apoptosis is a distinct type of cell death with ultrastructural features that are consistent with an active, inherently controlled process, and it is a part of the necrobiosis, a process that is essential in maintaining tissue homeostasis. The concept that cells must be lost from the normal tissues to balance their mitotic activity was first proposed by the German anatomist Ludwig Graper, 1 who proposed that chromolysis must exist in the cells that will be eliminated. Later, critical experiments by Kerr and Wyllie identified apoptosis as a distinct form of cell death. 2, 3 Apoptosis is of Greek origin, meaning "f alling off or dropping off " in analogy to leaves falling off trees; it is highly regulated and an efficient form of programmed cell death. Abnormalities and dysregulation of apoptosis contribute to the pathophysiology of multiple disease processes. Uninhibited apoptosis exacerbates many conditions including acquired neurodegenerative disorders, such as Alzheimer and Huchington diseases, cardiac ischemia, stroke, and traumatic brain injury. Conversely, inadequate apoptosis leads to the development of autoimmune diseases and cancer. The underregulation of apoptosis is a key component in cancer and tumor-cell uninhibited proliferation, as well as tumor resistance to chemotherapy. There are complex pathologies where the upregulation and underregulation of apoptosis in different cell types are present at the same time.
Based on the morphological characteristics, two patterns of cell death have been well described: apoptosis and necrosis. Apoptosis is a form of cell death characterized by cell shrinkage, chromatin condensation, fragmentation of the nucleus and bubblingmembrane integrity, lack of inflammatory responses to the dying cell, with the formation of apoptotic bodies that are consumed by macrophages or neighboring cells. In contrast, necrosis begins with an impairment of the cell's ability to maintain homeostasis, leading to organelle swelling, most notably the mitochondria, with eventual cell lysis. This pattern of cell death leads to inflammatory response. A less characterized form of cell death is one in which cells that are deprived of exogenous energy sources catabolize part of their cytoplasm to generate ATP and other intermediate metabolites. This allows them to meet their essential energetic demand; a process called autophagic cell death 5 is also an essential process in the removal of the damaged mitochondria. Another form of cell death is mitotic catastrophe, which is characterized by cell arrest during mitosis as opposed to the classical apoptosis that occurs during the interphase. 6 Recent data indicate that opposition between apoptosis and necrosis is less clear; necrosis can be prevented by bcl-2 family. In certain situations, apoptosis induction gives rise to more necrotic features when cytosolic ATP levels are low, so the changes in the mitochondrial permeability can lead to both necrosis and apoptosis. 7, 8 Apoptosis is strictly regulated by several positive and negative feedback mechanisms that regulate cell death and determine the final outcome after cell exposure to stressful stimuli. An intrinsic and extrinsic pathway of apoptosis had been proposed to reflect the more prominent contributions of the mitochondria to the apoptotic process in the intrinsic pathway as opposed to the extrinsic pathway, where apoptosis is significantly affected by cell receptors. It is important to recognize that the regulatory mechanisms of cell death and apoptosis are not uniform and varies depending on cell type, response to stressful stimuli, and age of the cell. Commonly, the induction of apoptosis is regarded as an event related to a specific apoptotic stimulus, but the apoptosis signaling pathway is functional in viable cells and kept downregulated in an inactive state. The apoptotic signaling pathways are genetically encoded and can be expressed or upregulated with proper stimuli.
Extrinsic pathway of apoptosis
The extrinsic pathway of apoptosis is initiated by the activation of specific cell surface receptors, specifically by the members of the tumor necrosis factor (TNF) super family. These receptors are type II transmembrane proteins. Their extracellular domain, when cleaved by proteinases, produces soluble cytokines (stalk of varying length) that connects the transmembrane domain to a core region and contains the hallmark structure of the TNF family. The primary receptors of the TNF super family contributing to the extrinsic pathway of apoptosis are TNFRSF10A, B (TRAIL R1/DR4, TRAIL R2/DR5), TNFRSF 6 (Fas/Apo-1), TNFSF1 R1 (CD120), and TNFRSF25 (RAMP, LARD, WSL-1, DR3). These are activated by the binding of a specific corresponding ligand such as Apo2L/TRAIL (TNF-related apoptosis-inducing ligand), CD95 ligand (Fas ligand), TNF-α, and DR3 ligand.
Fas receptor is a prototype member of the TNF/nerve growth factor receptor superfamily of death receptors. After Fas ligation, Fas receptor associates with Fas-associated protein death domain (FADD) and initiator cysteinedependent aspartate-specific proteases (procaspases), such as procaspase-8, procaspase-10, or procaspase-2, to form a "death inducing signaling complex" (DISC). Caspase-8 may process and activate effecter caspases such as caspase-3, which activates deoxyribonuclease (DNAse) or caspase-8 cleaves BID/tBID (BH3-interacting death domain) to cause change in mitochondrial permeability and release of cytochrome c and Smac/Diablo. The best characterized enzyme responsible for DNA fragmentation is the caspase-3-activated DNAse CAD, which exists in the cytosol as inactive ICAD/ CAD complex. Activated caspase-3 causes the release of CAD from this complex, which then translocates from the cytosol to the nucleus.
9,10 NUC70 along with DNase 1 have been reported as effective DNase during apoptosis.
11
DNase 1 -deficient cells show prolonged survival and delayed apoptosis following pharmacological stimuli.
12 DISC formation is modulated by several regulatory mechanisms, including c-FLICE inhibitory protein (c-FLIP), a cellular Fasassociated death domain-like interleukin-1-beta converting enzyme (FLICE) inhibitory proteins (c-FLIPs), which are endogenous caspase homologues that inhibit programmed cell death. The short form, c-FLIP(s), contains 2 deatheffector domains and is structurally related to the viral FLIP inhibitors of apoptosis, whereas the long form, c-FLIP (l), contains in addition a caspase-like domain in which the active-center cysteine residue is substituted by a tyrosine residue. c-FLIP(s) and c-FLIP (L) interact with the adaptor protein FADD and the protease FLICE, and potently inhibit apoptosis induced by all known human death receptors. 13, 14 TNF-related apoptosis-inducing ligand (TRAIL) is a ligand molecule, which induces apoptosis. It is a type II transmembrane protein and a member of the TNF ligand family. TNFSF10 binds to several members of TNF receptor superfamily including TNFRSF10A/TRAILR1, TNFRSF10B/ TRAILR2, TNFRSF10C/TRAILR3, TNFRSF10D/TRAILR4, and possibly also to TNFRSF11B/OPG. The activity of this protein may be modulated by binding to the decoy receptors, such as TNFRSF10C/TRAILR3, TNFRSF10D/ TRAILR4, and TNFRSF11B/OPG, that cannot induce apoptosis. TNF receptor-associated death domain (TRADD) contributes to the DISC formation and activates caspase-8. 15, 16 Overexpression of TRADD leads to 2 major TNF-induced responses, apoptosis through caspase-8 activation and activation of NF-kB. Interestingly, TNF pathway preferentially induces apoptosis in transformed and tumor cells but does not appear to kill normal cells although it is expressed at a significant level in most normal tissues. TRADD-independent pathway triggers a cell-death program that requires the function of cysteine proteases such as ICE or CPP32/Yama, which was demonstrated by activation of DR4/DR5 with TRAIL. 17 It has been shown that activation of the extrinsic pathway, through the binding of CD95L/FasL to CD95/Fas and TNF-α to TNFR-1, induces 2 distinct caspase-8 activation pathways. In the first pathway, cells are able to overcome the need for mitochondrial amplification of the death signal in CD95-mediated apoptosis by producing sufficient amounts of caspase-8 at the DISC to directly cleave and activate effector caspases and induce cell death; this pathway can be inhibited by c-FLIP. 18, 19 Because in this pathway cells bypass mitochondrial involvement, expression of Bcl-2 or Bcl-XL has no inhibitory effect on their apoptotic program. Conversely, type II cells produce minimal amounts of active caspase-8 at the DISC and require the mitochondrial amplification. This pathway is less sensitive to c-FLIP inhibition. The signal is probably amplified through the pro-apoptotic BH3 domain, which only contains the Bcl-2 family member, Bid. 20, 21 The cleavage of Bid by caspase-8 results in its translocation to the mitochondria where it initiates the release of mitochondrial factors, which in turn augment cell death. Because type II cells rely on the apoptotic function of mitochondria, expression of Bcl-2/Bcl-XL does provide protection from CD95-mediated apoptosis. 20 It has been suggested that differential expression of inhibitors of the death receptor-signaling cascade, such as c-FLIP or X-linked inhibitor of apoptosis protein (XIAP) could explain the difference between type I and type II cells. 18 Smac/Diablo and IAP interaction primarily affects the intrinsic pathway of apoptosis. Both intrinsic and extrinsic pathways converge at the step of caspase-3 activation; high levels of XIAP are able to inhibit activated caspase-3 but not caspase-8. 22 The alternative pathway for apoptosis is through activation of BID. tBID can release Smac/Diablo from the mitochondria to block the IAPs and thus releasing the IAPs inhibitory effect on caspase-3 ( Figure 1 ).
In the extrinsic pathway of apoptosis, an alternative form of signal transduction is initiated by the withdrawal of ligands from specific receptors referred to as dependence receptors. Dependence receptors have been shown to promote programmed cell death in the absence of their appropriate ligand. 23 Well-studied examples of dependence receptors include the neurotrophin receptor (p75NTR), [24] [25] [26] the netrin receptors deleted in colorectal cancer, 27-29 uncoordinated-5 homolog proteins, 30 rearranged during transfection, 31 a receptor for glial-derived neurotrophic factor, and integrins, which mediate cell anchorage to the underlying extracellular matrix substrate and regulates cell morphology. 33, 34 Unligated integrins initiate a caspase-8-dependent pathway.
31,34

Intrinsic pathway of apoptosis
During cell apoptosis, cytochrome c along with other proteins (Smac/Diablo, Omi/HtrA2, apoptosis-inducing factor [AIF], endonuclease G) are released from the mitochondrial membrane into the cytosol in response to specific apoptotic stimuli via multiple mechanisms including Bcl-2 familyregulated mechanisms. The Bcl-2 family proteins are critical cell regulators of apoptosis. Homologous domains (BH) within individual proteins of the Bcl-2 family are necessary for interactions with other family members and for activity. The mammalian Bcl-2 family members are either proapoptic multidomain members (BAX, BAK, BOK/MTD) or BH3-specific (BID, BAD, BIK/NBK, BLK, HRK, BIM/BOD/ BNIP3, NIX, NOXA). The antiapoptotic members exhibit the homology to all segments from BH1 to BH4 (BCL-2, BCL-xl, BCL-W, MCL-1, A1-BFL-1, BOO/DIVA, NR-13) and are antiapoptotic in function. It is the balance between these factors that influences cytochrome c release. 19, 35 Multiple hypotheses have been proposed to explain the proapoptotic mechanisms of the Bcl-2 family on the mitochondria, including nonspecific rupture of the outer mitochondrial membrane that increases the outer membrane permeability following an apoptotic stimulus, 36,37 matrix swelling and outer mitochondrial membrane rupture in response to metabolic changes, 38, 39 and formation of hybrid channel by Bax and the voltage-dependent anion channel (VDAC). This was confirmed by electrophysiological studies on VDAC, and Bax together these proteins can form a hybrid channel with a larger pore size than either VDAC or Bax alone. 21 Another possible mechanism is the formation of specific outer mitochondrial membrane channels by proapoptotic Bcl-2 protein. 40 Other proteins like p53 also regulate members of the bcl-2 family like Bax. Significant research was carried out on the regulatory function of BID; cleavage of BID with the formation of truncated BID/tBID results in mitochon- 
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Darwish drial membrane permeabilization with the resultant release of apoptotic mitochondrial proteins. Depletion of BID by immunoprecipitation from the cytoplasm of activated cells prevents cytochrome c release, which indicates that Bid is the first effecter molecule downstream of caspase-8 that had such a capability. 41 BCL-xl prevented tBID-induced depolarization. 42, 43 BIM is another BH3 protein; recombinant BIM alone was found as efficient as tBID in releasing cytochrome c and endonuclease G when incubated with mitochondria in vitro. Another important regulatory player is the trophins. For example, neurotrophins activate and ligate Trk receptors that coordinate neuronal survival pathway PI (3) K-AKt pathway; activation of AKt induces phosphorylation of BAD, promotes its interaction with chaperone proteins, and inhibits BAD proapoptotic activity. 44 Cytochrome c interacts with apoptotic protease activating factor-1 (Apaf-1). One of the major regulatory mechanisms by the BH-4 domain of Bcl-2 and Bcl-xl is its ability to bind to the C terminal part of Apaf-1 to cause an inhibition of association between Caspase-9 and Apaf-1. [45] [46] [47] The Cytochrome c/Apaf-1 complex increases Apaf-1 affinity for dATP. The binding of dATP to the cytochrome/Apaf complex initiates its oligomerization to form the apoptosome, and the CARD domain of the Apaf-1 becomes exposed to multiple procaspase-9 molecules leading to its activation and then cleaves the inactive procaspase-9 to generate activated caspase-9. Using purified recombinant Apaf-1 and procaspase-9 activation, Wang proposed 3-step model: (1) dATP/ATP binds to Apaf-1, (2) cytochrome c binds to Apaf-1with multimerization of the cytochrome c Apaf-1 complex, and (3) procaspase-9 binds to the multimeric complex. 48 This activated enzyme then initiates the apoptotic cascade, at the end of which is the effector caspase. Caspase-3 has many cellular targets that, when cleaved or altered, give the cell the characteristics of apoptosis. Once activated, a family of specific inhibitory proteins further regulates caspase function. IAPs, first studied in baculoviruses, 
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Regulatory mechanisms of apoptosis were shown to be involved in suppressing the host-cell death response to viral infections. The antiapoptotic activity of IAPs has been attributed to the baculovirus IAP repeat (BIR) domain. To date, multiple IAPs are identified in humans, which include NAIP, c-IAP1/HIAP-2, cIAP2/HIAP-1, XIAP/hIlp, survivin, and BRUCE. 49, 50 Overexpression of XIAP, c-IAP1, c-IAP2, NAIP, or survivin has been shown to suppress apoptosis induced by a variety of stimuli and growth factor withdrawal. XIAP is the most potent inhibitor of apoptosis; its caspase inhibitory activity was first reported by Deveraux et al. 51 NAIP gene was first identified in humans because of its deletion in patients with spinal muscular dystrophy, and it may also be involved in responses to ischemia. It was shown that transient brain ischemia elevates the levels of NAIP in rat neurons that are resistant to ischemia and reperfusion, 52 but transfection experiments delayed and did not prevent induced apoptosis. In human cancers, survivin is expressed in high proportions but not in the differentiated adult tissue; interestingly reduction in survivin expression causes apoptosis and sensitization of tumor cells to cancer treatment. Several human IAPs were reported to directly block caspases-3. In the intrinsic pathway of caspase activation, XIAP, c-IAP1, and cIAP2 bind directly to procaspase-9. Oxidative stress affects the cytochrome c activity; upon interaction of mitochondria-specific cardiolipin with cytochrome c, cytochrome c loses its tertiary structure and its peroxidase activity dramatically increases. Cardiolipininduced peroxidase activity of cytochrome c has been found to be important for selective cardiolipin oxidation in cells undergoing programmed death. 53 Human Smac (second mitochondria-derived activator of caspases) and its mouse homolog Diablo (direct IAP binding protein with low pI) is a mitochondrial protein that potentiates certain forms of apoptosis. It is released from the mitochondria into the cytosol and possibly by neutralizing one or more members of the IAP family of apoptosis inhibitory proteins. 54 Smac/Diablo along with cytochrome c promotes apoptosis by activating caspases. The importance of mitochondrial efflux of Smac/Diablo, in response to a variety of proapoptotic agents, was demonstrated when microinjection of cytochrome c into neurons did not always induce apoptosis without pre-exposure to proapoptotic stimuli. Apoptosis is profoundly inhibited in Bcl-2-overexpressing cells. Bcl-2 regulates apoptosisassociated mitochondrial cytochrome c release, as well as Smac release, suggesting that both molecules may escape via the same route. However, mitochondrial cytochrome c release is largely caspase independent; a caspase inhibitor blocks the release of Smac/Diablo in response to the same stimuli. The releases of cytochrome c and Smac/Diablo from mitochondria occur through different mechanisms. Smac/Diablo release from mitochondria is a caspase-catalyzed event that occurs downstream of cytochrome c release. When cytochrome c is released and interacts with Apaf-1, it triggers caspase activation and apoptosome formation; AIPs will inhibit the activated caspases and stop the apopsome formation, 55 and the inhibition could be permanent because many IAPs contain RING finger domain that targets the bounded caspases for proteasome degradation. 56, 57 This mechanism will prevent apoptosis when the release of cytochrome c does not reach the critical threshold. The role of Smac/Diablo has been reported in global ischemia reperfusion models, focal ischemia models but not in traumatic brain injury (TBI) models. Minocycline has been proposed as an agent that can decrease cytochrome c and Smac/Diablo leakage, as well as increase XIAP levels. 58 The second antagonist of IAP along with Smac/Diablo is Omi/HtrA2, which is a mitochondrial serine protease that is released to antagonize the IAPs. They are both nuclear-encoded mitochondrial proteins; the cleavage of their mitochondrial-targeting sequence generates active Smac and Omi with new apoptogenic N termini, named the IAP binding motif; after their release, they bind to the BIR domain. Reports had shown selective IAP antagonism with Omi. By incubating different IAP proteins with Omi, Omi could cleave various AIPs including cIAP1, cIAP2, XIAP, DIAP1, livin α, livin β; this activity was absent for survivin. An important implication for cancer research. The binding of Omi to IAPs produces catalytic proteolysis of IAPs, which is the key mechanism for Omi to irreversibly reduce IAP inhibition and promote cell death. Although HtrA2 is known to induce cell death, when upregulated, its underlying mechanism remains incompletely characterized. Experimental data supports the role of Omi/HtrA2 in neuronal cell death in ischemia reperfusion models, as well as myocardial cell death. Inhibition of Omi/HtrA2 has been shown to decrease the extent of the myocardial infarction and neuronal cell death. No data present in traumatic brain injury models. [59] [60] [61] AIF is a major player in the noncaspase-dependent apoptosis. Human AIF is synthesized as a precursor protein and converted to a mature AIF upon removal of the N-terminal mitochondrial localization signal. Mature AIF is a flavoprotein with sequence similarity to bacterial nicotinamide adenine dinucleotide (NAD)-dependent oxidoreductases. By interacting directly with DNA and possibly displacing chromatin-associated proteins, AIF disrupts normal chromatin structure, leading to DNA condensation; it may also recruit downstream nucleases to induce caspase-independent 
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Darwish partial chromatinolysis. In normal cells, AIF is confined to the mitochondria. On induction of apoptosis and upon increase in the permeability of the outer mitochondrial membrane, AIF translocates to the nucleus. The bcl-2 family proteins regulate the release of the AIF, where the antiapoptotic members of the bcl-2 family (bcl-2, bcl-XL) stabilize the mitochondrial membrane function as opposed to proapoptotic Bax and Bak, which increase mitochondrial permeability. Caspase inhibitors do not prevent the translocation of the AIF from the mitochondria to the nucleus. ATP depletion does not prevent AIF translocation. In cases of severe energetic cellular failure, AIF translocation does not lead to chromatin condensation, and the cell will have necrotic as opposed to apoptotic features. Addition of AIF to purified nuclei will induce partial chromatin condensation and DNA fragmentation. The translocation of AIF is an early event that takes place before the release of cytochrome c. Kinetic analysis confirms that the initial chromatin condensation to be associated with AIF release. Calpain 1 induces cleavage and release of AIF from isolated mitochondria. 62 Calpain 1 was also found to be activated in neurons after ischemia and cleaves intramitochondrial AIF near its N terminus. The truncation of AIF by calpain activity appeared to be essential for its translocation from mitochondria to the nucleus. 63 Heat shock protein 70 (Hsp70) by antagonizing AIF provides antiapoptotic activity. Interestingly, Hsp70 also interacts with AIF to provide protection through the noncaspase pathway. 64 Upon induction of apoptosis, several stages can be distinguished in the nuclear apoptosis, initially partial chromatin condensation, followed by marked chromatin condensation, and finally the formation of nuclear bodies. These changes seem to correlate with the release of AIF and cytochrome c, where the release of AIF precedes the release of cytochrome c. AIF has been implicated in the pathophysiology of focal ischemia, 63, 65 experimental traumatic brain injury, and spinal cord injury models 66, 67 The author was not able to detect AIF by means of immunohistochemistry in contused human brain tissue removed surgically after TBI.
Another protein that is released from the mitochondria exposed to apoptotic stimuli is endonuclease G. It is a mitochondrial nuclease that has been suggested to play a role in the mitochondrial DNA replication; 64 it is also implicated in DNA fragmentation during apoptosis. Endonuclease G is a mitochondrial specific nuclease that translocates to the nucleus during apoptosis; once released, endonuclease G cleaves chromatin DNA into nucleosomal fragments independent of caspases, endonuclease G similar to AIF is a caspaseindependent apoptotic pathway. 68 Incubation of recombinant tBid with isolated murine liver mitochondria induced the release of cytochrome c along with endonuclease G. In the same series of experiments, incubation with Bcl-2 prevented the release of cytochrome c and endonuclease G.
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Other regulatory mechanisms
In normal unstressed cells, the level of p53 (tumor suppressor protein 53) is downregulated via the binding of proteins such as MDM2, COP1, PIRH2, or JNK. After stress, the p53 accumulates. Accumulation of p53 can leading to the activation of multiple transcription genes that can lead the cell to different outcomes including angiogenesis, growth arrest, DNA repair, and apoptosis. The mechanisms of p53-induced apoptosis are still uncertain, but the following mechanisms have been reported: upregulation of the CD95 (APO-1/Fas) receptor/ligand system that was documented in cancer cell lines exposed to chemotherapy and ionizing radiation. 70, 71 Influence of p53 on the expression of the BCL-2 family members where p53 induces temperature-dependent decreases in the expression of the apoptosis-suppressing gene bcl-2 in the murine leukemia cell M1, while simultaneously stimulating increases in the expression of bax, a gene which encodes a dominant-inhibitor of the Bcl-2 protein, 72,73 upregulation of DR5 and its ligand, 74 the transcriptional induction of redoxrelated genes, the formation of reactive oxygen species, and the oxidative degradation of mitochondrial components, culminating in cell death. 75 Another regulatory mechanism of apoptosis is tissue transglutaminase (tTG). tTG selectively accumulates in cells undergoing apoptosis both in vivo and in vitro. It was proposed that through hyperpolarization of the mitochondrial membrane, tTG might act as a "sensitizer" toward apoptotic stimuli specifically targeted to mitochondria. 76 Further analysis identified tTG as BH3-containing protein that induced Bax oligomerization on mitochondria by catalyzing the polymerization of glutathione-S-transferase P1, thereby releasing its blocking effect on Bax. 77 Other experiments had confirmed that injection of tTG into the cytosol has apoptotic activity, whereas intranuclear localization of tTG was antiapoptotic. 78 Cyclin-dependent kinase 5 (CDK5) is a member of the small serine or threonine CDK family. CDK5R1 (p35)/ CDK5 may stimulate cell survival (inhibit cell apoptosis) via epidermal growth factor receptor family of receptor tyrosine kinases (ErbB), which eventually leads to downregulate the molecules involved in cell death of BCL-2 family. 79 In addition, CDK5R1 (p35)/CDK5 may depress cell apoptosis via direct phosphorylation of c-Jun N-terminal kinase 3. Regulatory mechanisms of apoptosis nerve growth factor (NGF) and inhibits MEK1 activity, thus repressing NGF/Erk-dependent apoptosis. 81 Nuclear factor kappa B (NF-B) is a transcription factor present in the nucleus of B cells that bound to the enhancer of the light chain of immunoglobulins 82 and NF-B stimulates the expression of antiapoptotic genes including FLIP, cIAP, survivin, B-cell leukemia or lymphoma 2 (Bcl-2), and Bcl-XL. 83 The inactive, latent form of NF-B is localized in the cytoplasm and is constituted by a heterotrimeric complex of p50, p65, and IB. 84, 85 Degradation of IB by sequential phosphorylation, ubiquitination, and proteasome-mediated proteolysis releases the p50-p65 heterodimer, which translocates to the nucleus and binds to specific consensus sequences within the promoter of NF-B target genes.
Apoptosis is regulated by many intracellular signaling pathways, including the c-Jun N-terminal protein kinase (JNK) pathway. 86 JNK is a subfamily of the mitogenactivated protein kinase superfamily, and it was originally identified by its ability to specifically phosphorylate the transcription factor c-Jun on its N-terminal transactivation domain at 2 serine residues, Ser63 and Ser73. 87 NF-B suppresses TNF-induced apoptosis by inhibiting caspases and preventing prolonged JNK activation. In the absence of NF-B activation, prolonged JNK activation contributes to TNF-induced apoptosis. However, prolonged JNK activation alone does not induce apoptosis but is able to promote TNFinduced apoptosis in the absence of NF-B activation; later, it was discovered that JNK activation regulates members of the Bcl-2 family (Bcl-2, Bcl-xL, Bim, BAD).
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Detection of apoptosis
Understanding the regulatory mechanisms of apoptosis and the time frame for apoptotic changes dictate the methods of detection and imaging. Electron microscopy has the ability to detect the morphological features of apoptosis, but because of the cumbersome nature and difficulty in the evaluation multiple samples, it became less popular. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) can identify DNA fragmentation, a characteristic of both apoptotic and necrotic cells. Gavrieli et al 89 originally introduced TUNEL assay. Most of the medical research relies on TUNEL staining as indicator of apoptosis. Activated caspase-3 detection has been proposed as an alternative, although some report activated caspase-3 in necrosis (Figure 2 ). To discriminate apoptotic cells from necrotic cells, immunoreactivity of active caspases-3 within a cell, in addition to TUNEL staining, can indicate that a cell is apoptotic vs necrotic and that is true if the apoptosis is a caspase-dependent process. This approach can be used in immunohistochemical detection of apoptosis.
Another method is the detection of single-stranded-DNA (ssDNA); large stretches of ssDNA occur in heat-denatured cells from mid to late stages of apoptosis. A specific antibody can detect the ssDNA.
In a study of the sensitivity and specificity of different staining methods to monitor apoptosis induced by oxidative stress in adherent cells, ssDNA detection was superior in detecting early apoptosis. 90 Cytochrome c release is an essential step in the intrinsic pathway of apoptosis. During apoptosis, the outer mitochondrial membrane ruptures while both membranes fail during necrosis. The detection of released cytochrome c is specific for early to late stages of apoptosis if cells to be analyzed kept an intact inner membrane. Release of cytochrome c can be a marker of both apoptosis and necrosis.
Imaging of apoptosis
One of the earlier markers of apoptosis is externalization of phosphatidylserine (PS) residues from the inner to the outer leaflet of the cell membrane; 91 the PS can present a signal for other cells including phagocytes for removal. Apoptosis imaging protocols are based upon the protein annexin A5 selective interaction with PS. 92 Another PS-binding protein is the C2 domain of synaptotagmin I, by conjugating the C2 domain with superparamagnetic iron oxide (SPIO) particles, it makes a very effective T2-relaxing magnetic resonance imaging (MRI) contrast agent. Diffusion-weighted MRI (DWI) is an alternative MRI modality that can image apoptosis in response to radiation and chemotherapy without the need for a contrast agent; DWI 
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Darwish generates image contrast by using the diffusion properties of water within tissues. 93, 94 Finally, an approach that relies on MRI spectroscopy is lipid proton magnetic resonance spectroscopy that is based on apoptosis-specific changes, including a selective increase in CH 2 (methylene) relative to CH 3 (methyl) mobile lipid proton signal intensities. 95, 96 Significant research is being conducted to identify molecular imaging agents for apoptosis including the detection of caspases such as activated caspase-3 in vivo. A novel promising marker is ML-10 (2-(5-fluoro-pentyl)-2-methyl-malonic acid), a member of the family of small-molecule detectors of apoptosis, that had shown selective accumulation in the cells with markers of caspase activation. 97 This marker is undergoing phase 2 clinical trial for early detection of response of brain metastases to whole brain radiation therapy.
Conclusion
Apoptosis contributes to the pathophysiology of multiple disease processes including neurodegenerative diseases, stroke, and cancer. Understanding the regulatory mechanisms of apoptosis will assist in the development of imaging of programmed cell death, targeted drug discovery, and their implementation into clinical practice.
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